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Abstract
High demand for photovoltaic (PV), battery, and small-scale combined heat and power (CHP) 
technologies are driving a virtuous cycle of technological improvements and cost reductions in off-grid 
electric systems that increasingly compete with the grid market. Using a case study in the Upper 
Peninsula of Michigan, this paper quantifies the economic viability of off-grid PV+battery+CHP adoption 
and evaluates potential implications for grid-based utility models. The analysis shows that already some 
households could save money by switching to a solar hybrid off-grid system in comparison to the 
effective electric rates they are currently paying. Across the region by 2020, 92% of seasonal households 
and ~75% of year-round households are projected to meet electricity demands with lower costs. 
Furthermore, ~65% of all Upper Peninsula single-family owner-occupied households will both meet grid 
parity and be able to afford the systems by 2020. The results imply that economic circumstances could 
spur a positive feedback loop whereby grid electricity prices continue to rise and increasing numbers of 
customers choose alternatives (sometimes referred to as a “utility death spiral”), particularly in areas with 
relatively high electric utility rates. Utility companies and policy makers must take the potential for grid 
defection seriously when evaluating energy supply strategies.
Keywords: energy policy; electric utility; photovoltaic; distributed generation; off-grid; solar energy
1. Introduction
Both the global and U.S. solar photovoltaic (PV) industries have been growing rapidly (SEIA, 
2013) as technical improvements and scaling have significantly reduced PV module costs and public 
support of solar energy has led to favorable policies in many regions (Branker and Pearce, 2010; SEIA, 
2011; BNEF, 2012; IREC, 2012; Feldman, 2014; SEIA,2014). PV technology converts sunlight to high-
exergy electricity reliably, safely, sustainably (Pearce, 2002; Prindle et al., 2007; Timilsina et al., 2012; 
Pathak et al., 2014) and now economically (Branker, et al., 2011; Bazilian et al., 2013). High demand for 
new PV projects is expected to continue, driving a virtuous cycle of PV-related cost reductions 
(McDonald & Schrattenholzer, 2001; van der Zwaan & Rabl,  2003; Watanabe, et al., 2003; Nemet, 2006; 
Candelise et al., 2013; Barbose et al., 2014). Already the solar levelized cost of electricity (LCOE), which 
the average total cost to build and operate a power-generating asset over its lifetime divided by the total 
energy output of the asset over that lifetime, from small-distributed on-grid PV systems is competitive 
with utility electrical rates throughout some regions in the U.S. (Branker et al., 2011; Breyer and Gerlach, 
2013; Reichelstein and Yorston, 2013). On the other hand, utility electrical prices are expected to 
continue to climb from a combination of: i) aging  infrastructure (Brown & Willis, 2006; Li & Guo, 2006; 
Willis & Schrieber, 2013); ii) increased regulation (Pudasainee, et al., 2009; Celebi, et al., 2012; Rallo, et 
al., 2012; Gerrard and Felton, 2014);  iii) resource scarcity [ability to extract fuels such as coal at a given 
investment] (De Cian et al., 2013; Kriegler, et al., 2013; Murphy, et al., 2014); and iv) potential liability 
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from conventional pollution and now carbon-dioxide (CO2) emissions being regulated as greenhouse gas 
pollution (Wilson, 2007; Burtraw, 2013; Pratson, 2013; Linn, 2014; Burtraw 2014). For these reasons, 
solar PV represents a threat to the conventional electric utility model.
An even greater threat is the coupling of PV to storage technologies, as batteries have also been 
advancing rapidly (Agnew and Dargusch, 2015). The dominant battery technology utilizes lithium-ion 
(Li-ion) due to its higher energy density (700Wh/l). However, theoretical energy densities point to future 
improvements with nanostructures and new materials using abundant materials such as lithium-sulfur 
(LiS) (2600Wh/kg) and lithium-air (Li-air) (11,000Wh/kg) technologies (Amine, et al., 2014). Along with 
these technological advancements, battery costs are dropping, with current costs being between $600-
1,000/kWh. The expectations are to reach $225/kWh in 2020 and to further drop below $150/kWh in the 
longer term (U.S. DOE, 2013). Economies of scale will also factor into future battery prices, especially 
with Tesla’s increased battery manufacturing plans through its GigaFactory, which plans to produce 
500,000 batteries a year starting 2017 (Tesla, 2014). Battery packs (Power Wall) currently retail for 
$350/kWh for home use (Tesla, 2015). These developments have led to the potential for battery+PV 
levelized cost of electricity (LCOE) being less expensive than grid electricity, which could promote large-
scale grid defection (Rocky Mountain Institute, 2014).
Recent analysis on grid defection (Rocky Mountain Institute, 2014) investigated state-level 
markets of special cases (New York, Kentucky, Texas, California and Hawaii) and found that grid parity 
of solar hybrid systems has already been achieved in some places (notably throughout most of Hawaii) 
and is imminent in several markets for tens of millions of customers in the United States by 2020. Grid 
parity occurs when an alternative energy source can generate power at a LCOE that is less than or equal 
to the price of purchasing power from the electricity grid.  However, many regions in the U.S. (e.g. 
northern areas with limited solar potential and high heating demand during cold winter months) cannot 
have off-grid PV systems without prohibitively large battery systems. Small-scale combined heat and 
power (CHP) systems, which produce electricity as well as thermal energy that can be used for home 
heating, provide a potential solution for off-grid power backup of residential-scale PV + battery arrays 
CHP systems fueled by natural gas can be used to offset thermal loads from a conventional heating 
system while meeting household electric loads. CHP systems can be effective in recapturing waste heat 
that would normally be lost from the electricity generation process, while also minimizing emissions from 
conventional sources (Nosrat et al., 2014; Shah, et al., 2015).
This paper investigates the potential for PV+battery+CHP systems to reach grid parity in the 
Upper Peninsula of Michigan (UP) – a mostly rural, remote region of the northern United States with a 
relatively low-income population. An analysis is performed from an economic standpoint using existing 
technologies, to determine if off-grid solar+battery+CHP systems can produce electricity at lower costs to 
consumers than that provided by conventional grid-tied electricity. The analysis integrates differential 
demand by household size and for seasonal and full-year residents in sizing systems and in estimating 
costs. The work extends prior research on grid parity by showing that even in unlikely places with low 
solar potential, such as the UP, design configurations are already becoming viable that make off-grid 
hybrid solar systems technologically and economically feasible.
Second, this study considers the economic viability of off-grid solar hybrid systems in a low 
income region. Even if grid parity is achieved, if households cannot afford the installment costs, then 
defecting from the grid is not economically feasible. The analysis considers households’ financial ability 
to invest in solar hybrid systems based on income levels and access to funding. If economically viable 
systems are possible in this case region, with long cloudy winters and low solar penetration and a low 
income population, it would suggest that off-grid solar hybrid systems would be feasible alternatives for 
households across much of the United States. 
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2. Methods of Analysis
This study models the point at which the financial costs of PV+battery+CHP systems reach grid 
parity for single-family homeowners, using the Upper Peninsula (UP) of Michigan as a case study. The 
goal is to estimate the number and proportion of homeowners in the UP for whom it is economically 
feasible to invest in off-grid solar hybrid systems. The analysis is restricted to single-family owner-
occupied homes (including seasonal and year-round residents), because residents of these types of 
housing units have more control and personal incentive for investing in energy infrastructure for their 
home than do renters. There are four key steps to the analysis: (1) estimate electric consumption for UP 
households by size and type; (2) design generalized solar hybrid systems to meet those consumption 
needs; (3) model future solar-hybrid system prices and grid-based utility rates to determine the economic 
viability of grid defection for homeowners with various consumption levels; and finally (4) match 
demographic data to estimate the number and proportion of homeowners that are and will be in an 
economic position to defect given economic competitiveness of solar, based on their electric consumption 
and household income.
2.1 The Upper Peninsula of Michigan Case
The Upper Peninsula (UP) is situated between Lake Superior (along its northern border) and 
Wisconsin, Lake Michigan, and Lake Huron to the south. Altogether, it stretches about 320 miles from 
east to west and encompasses about 29% of Michigan’s land area, but has only about 3% of its total 
population (US Census, 2010). At Census 2010, the UP was home to 311,361 residents and had a 
population density of just 19 people per square mile. There are no metropolitan counties within the UP, 
with the closest being Green Bay, Wisconsin, Duluth, MN, or Sault Saint Marie, Canada. Historically 
developed in association with mining and timber industries, today the land is heavily forested and the 
current economy is driven primarily by education, tourism, services, and government. 
In many ways, the UP is fairly typical of a remote and rural location with scenic natural areas and 
abundant outdoor recreation. About 24% of all housing units are for seasonal, recreational or occasional 
use (US Census, 2010). This is similar to the proportion of seasonal homes in other rural natural amenity 
destinations, including the northwoods areas of the Upper Midwest, mountainous areas of the US west, 
and rural areas of northern New England. Among permanent residents, incomes are relatively low 
(median household income is about 77% of United States total).  Poverty rates (15.4% compared to US at 
14.9%) and unemployment rates (10.5% compared to US at 9.3%) are relatively high (ACS 2008-2012). 
The area experiences long, cold winters with some of the heaviest snowfalls in the United States and 
short, relatively cool summers with average-high August temperatures of 22oC, resulting in little demand 
for air conditioning. Because of its northern latitude, daylight hours are short in the winter and long in the 
summer. In total, the climate is such that residential electric demand is heating season dominated, with 
approximately 324 heating degree days per year (National Climatic Data Center, 2001). 
Several investor-owner, cooperative, and municipal electric utilities have service agreements in 
the region (see Figure 1 and Table 1). Together, they service about 155,000 residential customers. Figure 
1 shows service area boundaries across the UP, as attributed in this study. County subdivisions are the 
basic unit of analysis used for demographic data and they must be assigned to a particular utility service 
area, in order to associate rates to households. Because service areas do not always follow political units, 
subdivisions with more than one provider are attributed to the most dominant provider in this map and 
throughout the analysis. 
Insert Figure 1 about here
Effective rates estimate the total cost for a consumer per kilowatt hour (kWh) that is comparable 
across all utilities by incorporating energy changes, service charges, state-mandated charges, and power 
supply cost recovery factors. Table 1 and Figure 1 show how these rates vary considerably across 
providers in the region, ranging from about $0.10/kWh for municipally owned utilities (near the US 
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average) to an effective rate of over $0.24/kWh (more than double the US average). 
Insert Table 1 about here
2.2 Estimating Electric Consumption
The first task is to estimate annual electric consumption in kWh for single-family homeowners in 
the UP. Because different types of households have different energy demands, consumption is estimated 
for seasonal vs permanent residents and by household size. Two of the utilities in the service area include 
reliable data on electric consumption broken down by seasonal and year-round residents—Cloverland and 
Alger Delta Cooperatives. For these utilities, the data published in their annual ratebooks for 2013 are 
used to determine the average annual consumption for seasonal and year-round customers, respectively. 
For the remaining UP utilities, it is assumed that annual electricity consumption is the average observed 
for Cloverland and Alger Delta seasonal and year-round customers (2,304 kWh/year and 8,335 kWh/year, 
respectively). Note that electric consumption in the UP is somewhat lower than the US average (10,905 
kWh/year in 2013) (EIA, 2015). 
For year-round homeowners, average annual electric use is specified by household size. Using 
data from the Residential Energy Consumption Survey (RECS) (EIA, 2009), the average consumption 
ratios for Midwestern households is calculated by household size and these ratios are applied to single-
family homeowners in the UP.1 The ratios indicate how much more or less electric consumption is typical 
among households of various sizes in comparison to the average household. For instance, the ratio for the 
average 1-person household is 0.604 indicating that these households use less electricity than average; 
while the ratio for the average 5-person household is 1.213 indicating greater than average electric use. 
These consumption ratios are multiplied by the average consumption data taken from utility ratebooks for 
full-year occupied households described above to generate an estimate of electric consumption for UP 
utility customers by household size. Table 2 shows the resulting estimates of energy consumption for the 
various household types.
Insert Table 2 about here
2.3 System Design
The second task is to design a solar hybrid system that can meet the electric demand of each 
household type shown in Table 2. Following the approach taken by Mundada, et al. (2015), a generic off-
grid system was designed comprising a PV array, battery bank and CHP.  The system designs were not 
optimized, but only designed to provide for the homeowners’ self-sufficiency needs while minimizing 
system costs. 
2.3.1. PV System
Net-metered PV customers typically receive credit for excess electricity they feed back into the 
grid. As a result, PV systems are often sized to produce as much aggregate electricity as possible for the 
year, without a careful regard to variation in consumption patterns. The potential off-grid customers of 
interest here have more incentive to seek an optimal design where the system size meets needs throughout 
the entire year, but does not overproduce. Using commercially available software (PvSyst), the solar flux 
available in Houghton County, MI (located in the west-central part of the UP) and class 2 TMY3 (typical 
meteorological year) solar data averaged from 1991-2005 (NREL, 2014), the optimal design was found to 
be a 30-degree tilt with south facing arrays providing 3.8 kWh/m2/day. 
1 The Residential Energy Consumption Survey (RECS) (EIA, 2009) provides estimates of electric consumption for 
the Midwest by household size (Table CE4.3). Comparing RECS data across the survey, average consumption for 3-
person households approximates the overall average consumption for owner-occupied single family housing units. 
The 3-person household consumption rate is used as a comparison group for calculating consumption ratios 
comparing various household sizes, such that the 1-person household ratio= 1-person average consumption/3-person 
average consumption= 0.604. Ratios less than 1.0 indicate less consumption and ratios above 1.0 indicate more 
consumption, in comparison to the 3-person household.
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This PV sizing for the off-grid system in our analysis is still somewhat oversized, resulting in 
unused (41%) solar electricity during peak production in the summer. However, optimizing the size of 
solar-hybrid systems has been discussed elsewhere (Pearce, 2009; Nosrat and Pearce, 2011; Nosrat et al., 
2013; Nosrat et al., 2014) and is beyond the scope of this paper. The design results in a large fraction 
(66%) of annual electric generation through solar. The installed costs of the PV system are modeled as 
$3.50/W at current national average installation cost for a residential system (GTM 2015). Looking 
forward, costs are currently on track to meet the Sunshot Initiative’s target of $1.50/W by 2020 using 
International Energy Agency forecasts (IEA 2014). The lifetime of PV was taken as 30 years (Branker, et 
al. 2011).
2.3.2 Energy Storage
The battery system was sized to cover half a day of no sun assuming full charge. During the high 
solar flux months of the year, this battery design allows for an average home to be powered entirely 
through solar, while also minimizing costs. During the extended winter (in the UP the median 1000W/m2 
sun hours is < 2 hours/day for 5 months of the year) the CHP is used to charge the battery, which covers 
the load.  This allows the CHP to run at its maximum efficiency and extends its lifetime by reducing the 
necessary duty cycle. Dispatch strategies and optimization routines for such an arrangement have been 
discussed in detail elsewhere (Ashari & Nayar, 1999; Hrayshat, 2009; Bernal-Agustín & Dufo-López, 
2009; Gupta et al., 2010; Sadeghi & Ameri, 2012;2014. Battery systems are modeled at current rates of 
$621/kWh (Shahan, 2015) and are on track to reach $225/kWh by 2020 using Department of Energy 
forecasts (DOE, 2013). The lifetime of the battery was assumed to be 10 years (Mundada, et al., 2015). 
 
2.3.3. CHP System
A CHP system with an internal combustion engine running on natural gas was chosen primarily 
for the relatively low capital costs and higher electrical generation efficiency compared to other 
technologies (Mundada, et al., 2016).  The 1kWe CHP costs are modeled at current rates of $1400/kW 
(Mundada, et al., 2016) and a 15 year replacement was factored into the installed cost, which is a 
conservative assumption as they are normally rated for 40,000 hours (ARPA-E, 2014). In the dispatch 
strategy, the CHP contribution to electricity production is always minimized, so that the electricity 
provided by the solar and battery sub-systems is given precedence to minimize both fuel use and 
greenhouse gas (GHG) emissions (Nosrat and Pearce, 2011; Nosrat, et al., 2013; Shah, et al. 2015). 
Previous work on such solar hybrid systems shows that the GHG emissions for the hybrid system are 
substantially below conventional grid GHG emissions in North America (Nosrat, et al., 2013; Nosrat et 
al., 2014).    
2.4 Simulation Model
The third step is to run a Matlab v2015b simulation 
(https://github.com/akantamn/GridDefection/) to calculate the LCOE of the solar hybrid system based on 
the methodology described in Branker et al. (2011) and compared to the cost of grid electricity as a 
function of time. Natural gas costs were modeled at current residential gas prices of $0.90/Therm (MPSC-
Gas, 2015) and long term natural gas costs were assumed to increase with inflation (2%). This approach is 
consistent with Energy Information Administration’s projections for residential natural gas rate increases 
(EIA-AEO, 2015) up to the year 2020. 
It is assumed that all homeowners will finance system installation through a non-profit program 
supported by the Michigan Public Service Commission (Michigan Saves) that provides affordable 
financing for energy-efficiency and renewable-energy systems. A loan interest rate of 4.99% was used, 
based on Michigan Saves (2015) maximum loan interest rate for residents in the Upper Peninsula. Utility 
rate increases were modeled assuming that average annual rate increases experienced by each utility over 
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the fifteen year period 2000-2015 (2%-7%) will continue each year into the future (MPSC, 2015). This 
‘business as usual’ case likely presents a conservative estimate of near-term utility rate increases. It 
ignores any potential rate changes associated with the costs of retiring or updating aging coal-fired power 
plants and building new natural gas fired power plants or building new transmission lines, all of which are 
under consideration or development in the region in association with meeting Clean Power Plan 
compliance (NERA, 2014).Table 3 summarizes the cost assumptions, which are all based on current costs 
and extrapolations of recent historical trends.
Insert Table 3 about here
2.5 Demographic Analysis 
Finally, the results of the solar hybrid techno-economic models are combined with demographic 
data for UP single family homeowners to project the number and proportion of homeowners who will 
meet grid parity each year 2015-2020 and the number and proportion of these who can afford to invest in 
a solar hybrid system. The first task is to construct a base population estimate of the total number of 
seasonal homeowners and the number of full year owner-occupied single family households by household 
size living in each utility service area. Small-area demographic data from US Census 2010 at the county-
subdivision unit of analysis were downloaded via the National Historical Geographic Information System 
(NHGIS) (Minnesota Population Center 2011) and serve as the building blocks for creating these 
estimates. Counts of seasonal housing units, year-round owner-occupied housing units, and households by 
household size are directly available. County subdivisions are an appropriate unit of analysis because, in 
Michigan, they follow Minor Civil Division boundaries, the smallest functioning unit of government, and 
reasonably follow utility service areas in the UP. There is little error associated with these counts because 
they are derived from the fully enumerated population at Census 2010. There has been very little 
population change in the UP since Census 2010, or for the preceding decade, so the study assumes that 
the number of households (by type- seasonal vs permanent- and size) for all county subdivisions will 
remain stable at observed 2010 values through 2020. 
Housing units recorded at Census 2010 as “for seasonal, recreational, or occasional use” are used 
to measure the number of seasonal households. Similarly, the number of owner-occupied housing units of 
various household sizes are available from Census 2010. This study focuses on single family owner-
occupied housing units (which excludes multi-unit condos, etc.). Data from the American Community 
Survey (ACS 2008-2012) Public Use Microdata Sample (PUMS) 5% sample for the two Public Use 
Microdata Areas (PUMAs) in Michigan’s UP (available from IPUMS-USA, see Ruggles, et al. 2010) are 
used to calculate the percent of all owner-occupied housing units that are single family (either attached or 
detached) by household size. These proportions range from 90% for 1-person households to 99% for 6-or-
more person households. The rates are assumed constant across all county subdivisions within the UP.  
The proportions are then multiplied by the number of owner occupied housing units by household size 
observed at Census 2010 to estimate single family households.
In order to integrate with the techno-economic results, census data must be aggregated to utility 
service area units. Maps of utility service areas provided by the Michigan Public Service Commission 
were used to classify each county subdivision by the most dominant utility serving the unit. It is assumed 
that all households are served by the same utility, though this is not always true in the cases where utility 
service areas cross county subdivision lines. To deal with these discrepancies, aggregations are controlled 
so that the overall number of households assigned to each utility approximates the number of customers 
reported by each utility in their respective ratebooks. See Figure 1 for documentation of how county 
subdivisions were assigned. 
Whether or not households of various types reach grid parity given the design specifications, 
energy demand, and rate structures described above can then be determined for households of the various 
sizes and types within each utility service area. When the predicted LCOE for each household type is 
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lower than the utility rate, then grid parity has been reached. Still, even when LCOE grid parity is 
reached, some households cannot afford the initial system investment and financing. For this reason, the 
number and proportion of homeowners who are within the population meeting LCOE grid parity who can 
afford the investment are also estimated. The estimates rely on multiple layers of assumptions detailed 
below and should not be taken as reliable estimates of the number of households who will defect from the 
grid, but rather as rough approximations of the number and proportion of owner-occupied single family 
homes across the region for whom it makes economic sense to invest in off-grid solar hybrid systems. 
It is assumed that seasonal homeowners will be able to afford the investment, regardless of 
financing because (1) they have lower and more sporadic electric demand so they can do with a smaller 
and less expensive solar-hybrid system ($9,174 with no down-payment required as shown below), and (2) 
they are more likely to have enough wealth and/or dispensable income to cover the cost. Electric demand 
from seasonal households is considerably less than full-year residences over the course of the year (Utility 
Ratebooks, 2013), especially in the winter months when solar activity is lower and these homes are less 
likely to be occupied. This allows for a smaller sized solar-hybrid system that in 2015 is estimated to cost 
$9,174 installed and require no down payment for a Michigan Saves loan. A wide body of research shows 
that in rural regions seasonal residents tend to have significantly higher incomes than permanent residents 
(Schewe et al., 2012; Green and Clendenning, 2003; Green et al., 1996; Brehm et al,. 2006; Jennings and 
Krannich, 2013). For example, the Natural Resources and Community Survey, which was conducted in 
2002 in a northern Wisconsin region that is similar to (environmentally and socially) and proximate to 
this study area, found the mean income in 2002 dollars of seasonal residents to be approximately $73,000, 
more than twice the mean income of permanent residents (Schewe et al., 2012).
For year-round single family homeowners, the number who can afford to get off the grid is 
estimated by drawing on household income data from the ACS (2008-2012) for county subdivisions (data 
downloaded from NHGIS, see Minnesota Population Center 2011). Household income is grouped into ten 
categories, including: less than $30,000, $30,000-$40,000, $40,000-$50,000…$100,000 or more.  
Because these data are only available for the total household population, the estimate is adjusted in each 
category using ACS (2008-2012) PUMS data for the entire UP on household income for single family 
owner-occupied households in comparison to all households. To generate estimates of household income 
by household size for single family owner occupied homes the proportion of single family owner-
occupied households of each household size within each income category in the PUMS data is multiplied 
by the estimate of households in each income group for each county subdivision. Finally, the county 
subdivision data is aggregated to utility service areas. 
To be clear, between margins of error associated with the ACS data and the multiple assumptions 
necessary to ascribe a rough estimate of household income for the various household sizes at the county 
subdivision level, the income-based estimates and related conclusions are rough. They should not be 
taken at face value for the exact number (or even proportion) but rather as an approximation of the 
general pattern. Households with an annual income of $150,000 or more are assumed to afford investment 
in system installation and operation. Households making less than $30,000 annually are assumed to not be 
able to afford investing in a solar hybrid system under any circumstance. It is assumed that households 
with incomes ranging from $30,000 to $149,000, could potentially invest in a system with financing, 
depending on the cost of the initial down payment required. Based on the Michigan Saves (2015) 
program, financing is available for homeowners with a minimum credit score of 640, regardless of home 
equity. This program provides loans of up to $30,000 with no down payment for applicants meeting a 
credit score of 640 at an interest rate of 4.99% (Michigan Saves, 2015). According to Money-zine.com 
about 73% of people have a credit score equal to or above 650 in November 2013. Credit scores are 
presumably higher for homeowners, so this may be an underestimate for this study. Nevertheless, it is 
assumed that 73% of Upper Peninsula single family homeowners have a credit score high enough to 
secure financing. With financing and approved credit score, it is assumed that households making at least 
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$60,000 annually will be able to afford a down payment up to $5,000; and that households making 
$30,000 to $59,999 will not be able to afford any down payment, but could finance a project if the total 
cost was less than the $30,000 loan limit. 
These assumptions are based upon the average 2015 US personal savings rate of 5.08% (US 
Bureau of Economic Analysis, 2016), which when applied to a household making $60,000 (lower 
bounds) annually suggests that it would take 2 years (upper bounds) to save for a $5,000 down payment. 
They are also supported by studies that show recent solar installations are most common in middle-class 
neighborhoods (household incomes $40,000-$90,000) and solar is growing most rapidly among 
households with incomes ranging from $30,000 to $50,000 (Hernandez 2013). Ultimately, the 
assumptions (while not perfect) are reasonable and provide a general approximation of households who 
would both meet grid parity and reasonably be expected to be able to afford investment in an off-grid 
solar-hybrid system.
3. Results and Discussion
3.1 Results
Table 4 shows the system designs by household type and associated cost estimates in 2015 (base 
year) and projected to 2020. PV system sizes range from 1.67 kW required for seasonal households to 7.7 
kW for full-year residences with at least six household members. Battery sizes range from 3.2 kWh of 
storage required to almost 15 kWh, and one kW generator is required for all of the full-year resident 
households. It is assumed that seasonal households will not require a generator, because their primary 
electric demand will be in the summer seasons when PV and storage can meet most of their needs. Total 
installment costs for seasonally occupied homes are approximately $9,200 currently in 2015 and are 
projected to gradually drop to about $4,600 in 2020 as battery and solar photovoltaic module costs 
decline. Year-round home system costs range from $18,200 (lowest consuming) to $37,600 (highest 
consuming) in 2015 and drop to $8,300 (lowest consuming) to $16,300 (highest consuming) in 2020. 
Down payments are only required for loans greater than $30,000. Annual costs include the costs of 
natural gas and maintenance. The LCOE, then, includes financing costs, annual maintenance costs, and 
replacement costs for components at the end of their operating lifetime.   
Insert Table 4 about here
 Based on these specifications and prospective future electric rates, Figure 2 shows the points at 
which the off-grid system meets grid parity among UP utilities for seasonal (a) and for year-round (b) 
homeowners. Figure 2a shows that already in 2015 seasonal homeowners living within the Ontonagon 
County Rural Electrification Association (REA) service area have reached grid parity. This is because of 
a combination of high effective rates ($0.50/kWh) for seasonal homeowners and relatively low energy 
demand and corresponding solar hybrid system size and upfront costs. The slope of the LCOE line 
steadily declines over the next five years, at the same time that utility rates are projected to continue to 
increase. By 2020, several utility service areas are projected to have reached grid parity for seasonal 
homeowners. 
Insert Figure 2 about here
Figure 2b demonstrates that currently in 2015 there are no utility service areas in the UP where 
LCOEs for the specified solar-hybrid system described here reach grid parity for year-round residents. 
However, as solar and battery components are projected to decline in cost and utility rates to increase, 
year-round single family homeowners in several of the utility service areas should start to reach grid 
parity by 2018 and the majority by 2020.
Table 5 shows projected numbers of grid parity estimates for seasonal and year-round 
households. More detailed estimates by household size and income (described in methods section above) 
were aggregated to generate these totals. Results show that a small number of seasonal households can 
begin profiting from leaving the grid in the UP now. The more substantial investment needed for year-
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round households (with higher demand and thus larger and more costly systems) begins to provide a 
profit for defecting from the grid for a small number of customers with the highest electric rates in 2016 
and then in greater and growing numbers by 2017. By 2018, it is projected that over 50,000 single family 
owner-occupied households in the UP will reach grid parity, qualify for a loan, and be able to afford any 
required down payment; thus it will make economic sense for these households to defect from the grid 
with the specified solar-hybrid system. By 2020, this number increases to over 85,000 as costs decrease 
and utility rates increase. Note that while almost 70,000 year-round households are projected to reach grid 
parity by 2020, only about 68% of them (47,525) will be able to get and afford financing to install a 
system, following the assumptions described above. 
Insert Table 5 about here
Table 6 shows the estimated percentage of single-family homeowners reaching grid parity. 
Roughly 5% of seasonal households would achieve grid parity as of 2015, and by 2020, 92% of seasonal 
households would have reached grid parity. For year-round households, significant proportions (38%) 
reach grid parity by 2017 and about three-quarters by 2020. All of these households, however, may not be 
able to secure a loan and afford financing the off-grid systems. The total number of households projected 
to have reached grid parity and be able to afford to defect are shown in the last column of Table 6. 
Approximately two-thirds of single-family owner-occupied housing units (seasonal and year round 
together) would afford to go off grid by 2020 with 4.99% financing.
Insert Table 6 about here
3.2 Discussion
The percentage of potential grid defectors that would be able to produce their own electricity with 
a combination of solar photovoltaic cells, batteries and natural gas fired CHP systems at a lower cost than 
conventional grid-based utilities is substantial, reaching about 82% of single-family owner-occupied 
seasonal and year-round residents in the Upper Peninsula of Michigan by 2020. Rough projections 
indicate that the majority of those surpassing grid parity (about 65%) will be able to afford the systems 
with modest loans at reasonable rates. These projections provide a summary of how technological change 
and economic cost reductions in alternative energy technologies are beginning to shift household 
economic incentives away from grid-tied electricity. 
It is crucial to recognize, however, that the projections shown here focus solely on the economic 
feasibility of defecting from the electric utility grid. This is an important distinction from projecting the 
number of households who will defect. There are many reasons why (and why not) households decide to 
invest in alternative energies and there are many additional factors impacting decisions to connect to the 
electric grid or not. Beyond high initial costs and perceived lack of financing options, common social 
barriers include lack of institutional support and inert social norms (Goldthau, 2014), poor consumer 
knowledge, low customer confidence, inadequate workforce skills, concerns about aesthetics of 
renewable systems (Margolis & Zuboy, 2006; Schelly, 2014) and the uncertainty, risk and liability of grid 
defection (Moody’s, 2015; Khalilpour & Vassallo, 2015). Moreover, substitution effects whereby 
households choose to purchase other consumer goods or to make alternative investments over investing in 
a solar hybrid system will also reduce the number of households who ultimately make the choice to defect 
from the grid. Concern about climate change and/or energy security and independence might increase the 
likelihood that households would adopt off-grid solar hybrid systems regardless of economic rationality.
The more households who do follow economic feasibility and defect from the grid, the more 
circumstances for a positive feedback loop would be likely to emerge. As more people in a given 
community visibly defect from the grid a catalytic effect can be anticipated that could have the effect of 
accelerating PV system adoption (McKenzie-Mohr, 2013; Schelly, 2014). When households defect from 
the grid, the majority of utility sunk costs remain constant while customer revenue is decreased (Graffy & 
Kihm, 2014), which would presumably lead to higher rates and more households crossing the grid parity 
line and choosing defection (Agnew and Dargusch 2015). This could result in something like what has 
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been popularly discussed as the utility “death spiral”, as is becoming a popular depiction among utilities 
and the media (Edison Electric Institute 2013, Parkinson 2014; Graffy & Kihm, 2014). 
In the UP case, it appears that the economic conditions for such a “death spiral” are imminent, 
given current and emerging utility rate structures, energy consumption patterns, and system costs. 
Opportunities for grid-tied net metering or community solar, however, could change the incentive 
structure. This paper has evaluated economic incentives associated with off-grid solar hybrid systems in 
comparison only to traditional grid-based utility service. It did not factor in potential for grid-tied solar 
PV as another option. Net metering may be more economically attractive than off-grid systems for many 
households if sufficient opportunities to net meter are available and if associated rate structures are 
favorable. Net-metering offers significantly more savings relative to behind-the-meter, time of use and 
other PV compensation mechanisms (Darghouth et. al., 2014) while providing added benefits of 
reliability and security. From the producer/customer (“prosumer”) standpoint, grid defection may only be 
attractive in cases where net-metering is either unavailable or uneconomical. Although it should be 
pointed out that a third model is of community solar is increasing in popularity where the installation of a 
single large PV system, usually in coordination with the local municipal utility, with community members 
either purchasing proportional ownership in the system or subscribing to representational “shares” in it 
(Coughlin and Cory, 2009 ).
Currently, in Michigan net metering does exist and would present a smaller capital investment for 
utility customers considering PV systems, however, Michigan Senate Bill 438 currently pending before 
legislation proposes replacing net-metering with credits at wholesale rates for all electricity generated by 
a customer owned solar PV system (MISB, 2015). This radically reduces the economic value of owning a 
grid-tied PV system from a “prosumer” perspective. The proposal itself creates risk for potential PV net 
metered customers, and so we might expect that it would retard PV penetration and favor grid defection 
for those considering PV systems. Similarly, if Bill 438 is passed it could radically shift the economic 
best option for electric customers considering a PV system from a net metered system to grid defection.
Net metering policies have been popular across the U.S. with 44 states plus Washington DC 
having authorized net metering (National Conference of State Legislatures, 2014). Policies vary from 
state to state in terms of capacity limits, eligible technologies (CHP for instance does not always count), 
compensation programs, ownership of renewable energy credits, and whether aggregated or community 
net metering is allowed (NCSL, 2014). Net metering can benefit utilities by creating a financial incentive 
for customers to avoid grid defection.
However, many utilities and policy makers see net metering programs as a threat to conventional 
grid-based energy supply.  In response, utilities have been using a number of mechanisms meant to 
discourage distributed renewable energy generation including: i) trying to rescind net metering legislation 
(WI, 2013; CO, 2013; KS, 2014; NC, 2014; VA, 2014 ); ii) placing caps on distributed generation (IREC, 
2013; HI, 2014); iii) specific solar grid charges (AZ, 2013; GA, 2013; ID, 2013; REW, 2014; UT, 2014); 
iv) the continued manipulation of customer charges to act as disincentives of both energy efficiency and 
distributed renewable energy (Sterzinger, 1981; Pearce and Harris, 2007; CA 2014; IL 2014); and v) 
placing moratoriums and temporary freezes on state Renewable Portfolio Standards (IBT, 2014). These 
tactics raise the cost of grid-tied PV systems and frustrate many customers (McLaren. et al, 2015; MEnN, 
2015; Fortune, 2016). In addition, all of these efforts provide PV prosumers an economic incentive for 
grid defection. 
3.3 Generalizing from the UP Case
The UP case is unique in that population densities are very low, winter weather is extreme, 
incomes are relatively low, and electrical rates among several of the utilities are quite high. Still, this case 
provides an important detailed example of economic incentives for grid defection and lessons can be 
extrapolated to other areas if the specifics of utility rates, solar energy potential, energy demand, and 
socioeconomic structures are considered. In fact, because of its low solar potential and low income 
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population, the UP case represents a relatively difficult market for off-grid solar-hybrid systems. If it is 
economically feasible to defect from the grid here, then it might be even more likely elsewhere. 
Utility rates in the UP range (on the low-end) from around the US average to more than twice the 
US average, so the impact of utility rate structures is relatively representative of the typical US 
homeowner to those living in other high cost areas. The results show that for households living in service 
areas with the lowest electric rates in the UP (those serviced by municipally-owned utilities and by the 
Wisconsin Public Service Commission), LCOEs for the specified solar-hybrid system do not drop below 
utility rates by 2020. On the other hand, for those utilities with rates around twice the national average, 
LCOEs reach grid parity by 2018. Solar energy potential also varies considerably across the United States 
and around the world. Solar potential is relatively low in the UP, in comparison to much of the United 
States and certainly much lower than that seen in the Southwestern US. Solar potential is greater than 
what would be found in Alaska and similar to that seen across the Upper Midwest and Northeastern US 
(National Renewable Energy Laboratory, 2015). Grid parity may be reached sooner in areas with higher 
solar productivity.  
Energy demand (household consumption) in the UP is relatively low (about 8,335 kWh annually) 
compared to the US average (10,908 kWh). This means that the system design specified in this paper may 
be undersized for regions with higher consuming households. LCOEs for larger systems would be 
correspondingly higher. The analysis shown here did consider higher energy demand among larger 
households with 6-person households showing consumption similar to the national average (see Table 2). 
Results show that these higher demand households were among the first to reach grid parity. 
As discussed previously incomes are relatively low in the UP, with median household income 
about 77% of the U.S. median household income. This means that fewer households in the UP would be 
able to finance an off-grid solar hybrid system than what might be seen in other regions. Altogether, the 
analysis indicates that regions with average to high electrical rates, with average-high solar potential, with 
average-high energy demand, and with average-high incomes could see similar or even greater economic 
incentive for grid defection than the UP.  Regions with lower than average utility rates, on the other hand, 
would see little economic incentive for defection in the short term.
3.4 Limitations 
It must be clear that this analysis is based upon projections of future conditions based on a set of 
assumptions about future household and income structures, utility rates, and solar photovoltaic, battery, 
CHP, and natural gas costs. The assumptions are generally based upon current conditions, recent past 
trends (in utility rate changes and population structures), and industry-based predictions of technology 
cost reductions. Any number of social, economic, policy, or technological changes could alter the 
conditions upon which the projections shown here were developed. Transaction costs were not figured 
into the economic viability analysis. These could be considerable as households must invest time and 
energy to researching solar hybrid systems, finding trusted installers, overseeing installation work, and 
learning to understand and manage the solar hybrid system for their home. On the other hand, one benefit 
of installing off-grid systems is the ability to generate power during grid power outages. This study did 
not consider this added benefit that might increase the economic rationality to defect, particularly in 
regions prone to outages.
The projections shown here do not attempt to forecast the number of households who will defect 
from the grid or defection rates. It should not be expected that all households for whom it makes 
economic sense to install a solar hybrid system as discussed here will actually do so. As mentioned 
before, there are multiple social, economic, cultural, and technical factors that shape technological 
adoption (Margolis & Zuboy, 2006; Schelly, 2014).
Throughout the projection process, the assumptions have aimed to be conservative, such that the 
models would be more likely to underestimate the likelihood of reaching grid parity, with perhaps the 
most conservative assumption being intrinsic to the system design itself. None of the systems were 
11
Preprint: Abhilash Kantamneni, Richelle Winkler, Lucia Gauchia, Joshua M. Pearce, Emerging economic viability of grid defection in a northern 
climate using solar hybrid systems. Energy Policy 95, 378–389 (2016). doi: 10.1016/j.enpol.2016.05.013
optimized for economic output. In the real economy customers and system suppliers will attempt to find 
the closest to ideal system for a given household. To run this optimization routine the exact cost of all the 
components, any losses (e.g. shading) and the borrowing costs are needed. It should be pointed out here 
that this analysis was performed with no shading losses and that not all houses are technically well-suited 
for solar PV. However, in general, in the UP households are on substantial plots that allow for the space 
necessary for a reasonably un-obstructed PV array (e.g. on ground mounts in the yard if not on the roof). 
Thus, in general, the systems designed using a proper life cycle methodology will have a lower LCOE 
than what was calculated here, and thus a faster potential to reach grid parity from what is shown in the 
results.
In addition, as the markets for solar and natural gas generators continue to expand, there is an 
opportunity to significantly improve the performance of hybrid systems by taking advantage of the waste 
heat for cogeneration (Pearce, 2009). In these systems waste heat from the generators is used for home 
heating. This would reduce the heating costs for homeowners and speed the simple payback time for the 
systems. Photovoltaic arrays coupled to trigeneration could improve the overall energy use even further in 
some areas (Nosrat et al., 2013). Dispatch strategies used to minimize the overall costs and the emissions 
of such hybrid systems are well developed (Derewonko & Pearce, 2009; Nosrat & Pearce, 2011) and 
future work can couple these into the economic model to devise optimum systems for a specific region. 
3.4 Broader Impact
This study modeled the point at which the financial costs of PV+battery+CHP systems reach grid 
parity for single-family homeowners, using the Upper Peninsula of Michigan as a case study. In addition 
to isolated states like Hawaii, which has the highest electrical rates in the nation, several utilities in 
Michigan’s UP have relatively high electrical rates. High rates are relatively common across rural areas of 
the United States because of low-population density (Cooper, 2008; BLS, 2011) and large surface areas to 
energy use ratios (Nguyen & Pearce, 2010). The analysis presented here indicates that grid defection may 
be more likely in rural areas, but further work is necessary to determine if the the results presented here 
can be generalized across the U.S. In addition, many rural areas, especially those rich in natural amenities 
and outdoor recreation opportunities, also have a large proportion of housing units that are for seasonal or 
recreational use by second homeowners (Winkler, Deller, and Marcouiller, 2015). Seasonal residents tend 
to have higher incomes, more interest in environmental preservation, higher education, and lower and 
sporadic energy demand than typical rural residents (Schewe et al., 2012; Matarrita-Cascante et al., 2010; 
Brehm et al., 2006; Jennings and Krannich, 2013). For these reasons, seasonal residents may be 
particularly interested in alternative energy options and deserve specific consideration as those most 
likely to consider grid defection. Ultimately the analysis demonstrates the risk that utilities with relatively 
high effective rates face as the techno-economic environment increasingly shifts economic incentives 
toward defecting from the grid in favor of self-generating power 
4. Conclusions and Policy Implications
Utilizing the Upper Peninsula of Michigan as a case study of the economic feasibility of grid 
defection using a hybrid off-grid system coupling solar photovoltaics, batteries and CHP, this study 
projects that in the near future a significant fraction of the households in the region will have an economic 
incentive and the financial means to defect from the grid. The results show that in regions with high grid-
based utility costs, it will soon make economic sense for households with both small and large energy 
demand to self-generate power. Ultimately, this implies that utility companies and policy makers must 
take the potential for grid defection seriously when evaluating energy supply strategies.  
Many utilities are currently approaching distributed generation from solar and other technologies 
as a threat and are responding by trying to limit grid penetration (e.g. shifting consumer costs from 
electric rates to unavoidable customer charges or eliminating net metering policies). The results of this 
paper suggest that, given emerging techno-economic conditions, the near-term impact of policies and 
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practices that increase the costs of grid-tied electricity (including those that discourage grid-tied 
distributed generation) could risk accelerating the rate that utility customers simply leave the grid in favor 
of less expensive self-generated power. Implications are that the future of grid-tied electricity relies on 
maintaining relatively low electric rates as the costs of solar and hybrid systems decline. It may also be 
critical to offer opportunities to integrate distributed generation (from solar, wind, and other sources) to 
the grid system as concerns about climate change and consumer demand for renewables and local or 
household control of energy production rise. Each household that installs a grid-tied renewable energy 
system remains a paying customer that continues to support the centralized system. Given the public 
interest in maintaining a reliable, affordable, and widely accessible electric system, policy debates around 
net metering must consider the increasingly economically feasible alternative that households would 
choose to leave the centralized grid entirely should utility rates get too high or should interest in 
renewable and locally-controlled generation be left unsupported.
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Figures
Figure 1: Upper Peninsula of Michigan Electric Utility Service Areas and Rates. Map shows how the 
authors assigned county subdivisions to specific utility service areas. Color-coding for the map and chart 
coincide. The chart shows effective electric rates in 2014 (including service fees) for each of the utilities 
servicing the region. The solid color bars refer to rates charged to year-round customers. The 
corresponding striped bars refer to rates charged to seasonal customers.
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Figure 2a: Grid Parity Model Results for Seasonal Households in the UP by Utility, 2015-2020
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Figure 2b: Grid Parity Model Results for Year-Round Households in the UP by Utility, 2015-2020
Projected utility rates are shown in the vertical axis and are projected to rise over time, assuming recent 
historical rate increases continue. The LCOE (shown with red dots) for the solar hybrid system is 
projected to decline over the next five years. Utilities with a point above the LCOE have reached grid 
parity. 
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Tables
Table 1: Number of customers and annual utility charges for UP utilities (2013)
Utility Total Customers Service Charge/year Energy Charge 
Effective Rate
[$] [$/kWh] [$/kWh]
Alger Delta 9,458 300 0.1490 0.2108
Cloverland 35,775 108 0.1154 0.1375
Excel 7,750 99 0.0863 0.1205
Municipal 26,708* n/a n/a 0.1195
OCREA 4,509 240 0.1870 0.2433
UPPCO 46,206 144 0.1961 0.2273
WE 24,456 209 0.1377 0.1762
WPSC 8,007 108 0.0849 0.1041
* Municipal customer numbers are not available and so estimated based off total population living in municipalities 
with a municipally owned utility and observed ratio of population to utility customers across the UP. 
Source: Annual Reports of Utilities (2013) as provided by the Michigan Public Service Commission. Effective rate 
includes state mandated Energy Optimization surcharge (EO) and individual utility Power Supply Cost Recovery 
Factor (PSCR) as well as service and energy charges. 
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Table 2: Annual electricity consumption (kWh) by household class and service area
Utility
Household Type
Season
al
Total 1pHH
2pH
H
3pHH 4pHH 5pHH 6pHH
Alger 
Delta
2,013 7,351 4,383 6,782 7,351 8,567 8,807 9,464
Cloverlan
d
2,595 9,319 5,556 8,597 9,319 10,860 11,165 11,997
Excel 2,304 8,335 4,969 7,689 8,335 9,713 9,986 10,731
Municipal 2,304 8,335 4,969 7,689 8,335 9,713 9,986 10,731
OCREA 2,304 8,335 4,969 7,689 8,335 9,713 9,986 10,731
UPPCO 2,304 8,335 4,969 7,689 8,335 9,713 9,986 10,731
WE 2,304 8,335 4,969 7,689 8,335 9,713 9,986 10,731
WPSC 2,304 8,335 4,969 7,689 8,335 9,713 9,986 10,731
Source: Author-generated estimates based off utility-reported consumption (Annual Reports of 
Utilities 2013, available from the Michigan Public Service Commission) on seasonal and year-
round consumption by utility and RECS data on average energy consumption by household size 
for cold/very cold regions (EIA 2009).
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Table 3. Model assumptions for capital, fuel and operating costs of the hybrid systems and utility 
rates
Year
Storage 
[$/kWh]
PV 
[$/kW]
CHP 
[$/kWe]
Natural Gas 
[$/Therm]
CHP 
Operation 
[$/kWh]
Range of Effective Utility 
Rates [$/kWh]
Year-Round Seasonal
2015 621.00 3.50 1400.00 0.90 0.08 .11 - .27 .11 - .50
2016 506.89 2.95 1400.00 0.92 0.08 .12 - .28 .12 - .54
2017 413.74 2.49 1400.00 0.94 0.08 .12 - .30 .12 - .58
2018 337.71 2.11 1400.00 0.96 0.08 .13 - .33 .13 - .62
2019 275.65 1.78 1400.00 0.97 0.09 .13 - .35 .13 - .66
2020 225.00 1.50 1400.00 0.99 0.09 .14 - .37 .14 - .71
Source: Author-generated extrapolations of future costs based on current observed costs and recent 
historical trends.
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Table 4: Solar-Hybrid System Design by Household Type and Estimated Costs
Househol
d Type
Annual 
Consumption 
[kWh]
PV size 
[kW]
Storage1 
size 
[kWh]
Generator1 
size  [kW]
Installment Costs 4 
[$]
Down Payment 2 
[$]
Yearly Finance 
Repayment Cost 
[$/year]
Annual Costs3 
[$/year]
LCOE [$/kWh]
2015 2020 2015 2020 2015 2020 2015 2020 2015 2020
Seasonal 2,304 1.66 3.2 0* $9,174 $4,602 $0 $0 $459 $230 $0 $0 $0.42 $0.22
1 pHH 4,969 3.58 6.8 1 $18,167 $8,306 $0 $0 $908 $415 $311 $311 $0.37 $0.17
2pHH 7,689 5.54 10.5 1 $27,344 $12,085 $0 $0 $1,367 $604 $438 $438 $0.33 $0.16
3pHH 8,335 6.01 11.4 1 $29,523 $12,983 $0 $0 $1,476 $649 $468 $468 $0.33 $0.16
4pHH 9,713 7.00 13.3 1 $34,173 $14,898 $4,173 $0 $1,500 $745 $532 $532 $0.31 $0.15
5pHH 9,986 7.20 13.7 1 $35,094 $15,277 $5,094 $0 $1,500 $764 $544 $544 $0.31 $0.15
6pHH 10,731 7.74 14.7 1 $37,607 $16,312 $7,607 $0 $1,500 $816 $579 $579 $0.30 $0.15
* Seasonal customers do not use generator backup
1 Replaced after 15 years, replacement costs included in LCOE
2 Down payments are required for system costs > $30,000 (Michigan Saves, 2015)
3 Operation, fuel costs, oil changes and other maintenance 
4 Calculated from Table 3 Projections
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Table 5: Projected home-owners reaching grid parity and affording to finance a solar-hybrid 
system
Year
Single Family Households Reaching Grid Parity Total Achieving 
Grid Parity and 
with Economic 
Means
Seasonal Year-Round Total
2015 1,970 0 1,970 1,970
2016 5,732 1,465 7,197 6,391
2017 5,732 34,714 40,446 29,520
2018 16,420 51,261 67,681 50,673
2019 16,420 52,558 68,978 51,627
2020 37,843 69,998 107,841 85,368
Source: Author calculations of the number of single-family owner-occupied households in 
Michigan’s Upper Peninsula for whom a solar-hybrid system would reach grid parity and whom 
would qualify for loan and could afford to finance a solar-hybrid system at 4.99% interest rate. 
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Table 6: Projected proportion of home-owners reaching grid parity and affording system
Year
Single Family Households Reaching Grid Parity Total Achieving 
Grid Parity and 
with Economic 
Means
Seasonal Year-Round Total
2015 4.8% 0% 1.5% 1.5%
2016 14.0% 1.6% 5.4% 4.8%
2017 14.0% 38.0% 30.6% 22.3%
2018 40.1% 56.1% 51.1% 38.3%
2019 40.1% 57.5% 52.1% 39.0%
2020 92.4% 76.6% 81.5% 64.5%
Source: Author calculations of the proportion of single-family owner-occupied households in Michigan’s 
Upper Peninsula for whom a solar-hybrid system would reach grid parity and whom would qualify for 
loan and could afford to finance a solar-hybrid system at 4.99% interest rate. 
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